Glioblastoma is a terminal disease with no effective treatment currently available. Among the new therapy candidates are oncolytic viruses capable of selectively replicating in cancer cells, causing tumor lysis and inducing adaptive immune responses against the tumor. However, tumor antiviral responses, primarily mediated by type I interferon (IFN-I), remain a key problem that severely restricts viral replication and oncolysis. We show here that the Semliki Forest virus (SFV) strain SFV4, which causes lethal encephalitis in mice, is able to infect and replicate independent of the IFN-I defense in mouse glioblastoma cells and cell lines originating from primary human glioblastoma patient samples. The ability to tolerate IFN-I was retained in SFV4-miRT124 cells, a derivative cell line of strain SFV4 with a restricted capacity to replicate in neurons due to insertion of target sites for neuronal microRNA 124. The IFN-I tolerance was associated with the viral nsp3-nsp4 gene region and distinct from the genetic loci responsible for SFV neurovirulence. In contrast to the naturally attenuated strain SFV A7(74) and its derivatives, SFV4-miRT124 displayed increased oncolytic potency in CT-2A murine astrocytoma cells and in the human glioblastoma cell lines pretreated with IFN-I. Following a single intraperitoneal injection of SFV4-miRT124 into C57BL/6 mice bearing CT-2A orthotopic gliomas, the virus homed to the brain and was amplified in the tumor, resulting in significant tumor growth inhibition and improved survival.
G lioblastoma (GBM) is the most common primary brain tumor and a devastating disease with a median survival of only 15 months despite best available therapy (1) . Oncolytic virotherapy provides a novel option to treat malignant central nervous system (CNS) tumors, as many of the potential oncolytic viruses are tumor homing, self-amplifying, and may elicit antitumor Tcell responses (2) . Oncolytic viruses harnessed recently in virotherapy of human glioblastoma include herpes simplex virus (3), reovirus (Reolysin) (4), Newcastle disease virus (NDV-HUJ) (5) , and poliovirus (PVS-RIPO) (6) . Apart from anecdotal reports of successful cases and despite a relatively good tolerability of the vectors by the patients, the therapeutic efficacy of viral therapies has been disappointing. Recent findings indicate that the poor treatment efficacies may derive from both biological and physical barriers to oncolytic viruses (reviewed in reference 7). GBM extracellular matrix and resident stromal cells may block infection and virus spread within the tumor. In addition, GBM cells, GBM stem cell-like cells, and infiltrating leukocytes may mount a strong innate response against the virus. In particular, viruses whose selectiveness for cancer tissue relies on defective type I interferon (IFN-I) signaling in tumor cells may completely lose efficacy (8) .
Semliki Forest virus (SFV) is an enveloped, positive-sense, single-stranded RNA [(ϩ)ssRNA] virus of the Alphavirus genus. Like most alphaviruses, SFV is able to enter the CNS upon systemic delivery, a feature which we have shown can be exploited with a neuroattenuated strain of SFV, VA7, to target brain tumors (9, 10) . However, in accordance with results showing that SFV infectivity and amplification in nonneuronal CNS cells are regulated by IFN-I (11), both the viral replication and therapeutic efficacy of neuroattenuated SFV vector VA7 were dismal in IFN-I-responsive syngeneic mouse glioma models (10, 12) . Recent attempts to increase VA7 tumor infectivity and its replication rate by administering to tumor-bearing mice either rapamycin or cyclophosphamide, both of which are known to reduce tumor protection against IFN-I-sensitive vesicular stomatitis virus, were unsuccessful (13) , as neither of these drugs led to increased tumor permissiveness to VA7. Thus, other means of achieving tumor infection are needed.
For different strains of neurotropic alphaviruses, the degree of pathogenicity is primarily determined by access to the CNS and rate of replication in neurons. Importantly, the increased neurovirulence of some virus strains correlates with their increased resistance to IFN-I-mediated antiviral effects in nonneuronal cells (14) (15) (16) , implying that such strains might be able to replicate even in IFN-I signaling-proficient tumors. However, the neurotoxicity of virulent alphaviruses precludes use of them as oncolytic agents. In this regard, we previously demonstrated that the replication of virulent SFV4 in neurons can be inhibited by inserting into the viral nonstructural genome multiple target sequences for the micro-RNA (miRNA) miR-124 (SFV4-miRT124) (17) . On the other hand, the miR-124 target sites do not interfere with the expression of viral genes in cells lacking miR-T124 expression (17) , notably gliomas (18) . Thus, the rationale for using SFV4-miRT124 as a therapeutic virus is that the neurovirulent SFV4-associated resistance to antiviral cytokine signaling is preserved, allowing robust oncolytic replication in glioma cells, while the SFV4-associated neurotoxicity is limited by reduced replication in normal healthy neurons.
In this work, we report that SFV4-miRT124, which is based on the neurovirulent strain SFV4, shows potency to replicate in and lyse IFN-I-competent syngeneic mouse CT-2A glioma cells, regardless of their elicited IFN-I response. In contrast to the attenuated SFV strain VA7 that was used in previous studies, SFV4-miRT124 displayed enhanced oncolytic potency against CT-2A tumors in vivo and was able to more efficiently destroy human primary GBM cell lines pretreated with IFN-I.
MATERIALS AND METHODS
Cell lines. C57BL/6 mouse glioma CT-2A cells (from Thomas Seyfried, Boston College) and firefly luciferase expressing-CT-2A-Fluc cells (provided by Jan Brun, Children's Hospital of Eastern Ontario) were cultured in RPMI 1640 medium (Sigma-Aldrich) supplemented with 10% fetal calf serum (FCS; Autogen Bioclear), 1% penicillin-streptomycin (Sigma-Aldrich), and 1% L-glutamine (Sigma-Aldrich). African green monkey kidney Vero(B) cells (University of Turku, Finland) were cultured in Dulbecco's modified Eagle's medium (DMEM; Sigma-Aldrich) supplemented with 5% FCS, 1% penicillin-streptomycin, 1% L-glutamine, and 10 mM HEPES [4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; Sigma-Aldrich]. BHK-21 (Syrian hamster kidney cells), GL261 (C57BL/6 mouse glioma cells; provided by G. Safrany), and B16-F10-LacZ (C57BL/6 mouse melanoma) cells were cultured in DMEM with 10% FCS, 1% penicillin-streptomycin, and 1% L-glutamine.
Glioblastoma cell lines were derived from 3 patients (2 males and 1 female, aged 67 to 68 years) who underwent surgery in Kuopio University Hospital between July 2012 and February 2014. Samples were collected and analyzed according to ethical guidelines approved by the Research Ethics Committee of the Hospital District of Northern Savo. After removal, glioblastoma samples were immediately transported to a cell culturing laboratory in cooled Opti-MEM reduced serum medium (Gibco). Blood-containing tissue parts were removed. The remaining sample was cut using a scalpel and a McIlwain tissue chopper (thickness, 500 m) and then passed through a 21-gauge needle. After trituration and centrifugation, red blood cells were lysed by using ammonium chloride (Stem Cell Technologies). After 2 sequential centrifugation steps and washings, cells were suspended into a small volume of culture medium, and cell counts were calculated based on trypan blue exclusion. Cells were seeded in uncoated flasks (25 cm 2 ; Greiner CellStar) and cultured in Dulbecco's modified Eagle's medium-F-12 medium (Gibco) containing 1% Glutamax-I (Gibco), 1% penicillin-streptomycin, 1.25 g/ml amphotericin B (Fungizone; Gibco), and 10% heat-inactivated FBS at 37°C in 5% CO 2 . To promote growth, cells were regularly switched to another flask (coated with ECM gel, 1:20 dilution; Sigma-Aldrich) after 1 to 7 days in vitro. Cells were treated with Accutase (Sigma-Aldrich) during passaging. Cells at passages 9 to 10 were used in this study.
Viruses. Generation of VA7-EGFP (enhanced green fluorescent protein construct) and SFV4-miRT124 has been previously described (17, 19) . Production of infectious virus particles was done by transfecting (using TransIT [Mirus]) BHK-21 cells with in vitro-transcribed (mMessage mMachine; Ambion) full-length virus (ϩ)RNA. Initial virus propagation (primary virus preparation) was done in a 6-well plate followed by largerscale infection using the previously collected primary preparation. Virus production was performed in HEPES-buffered DMEM [the same medium as that used for culture of Vero(B) cells], and the final virus stock was cleared from cell debris by centrifugation (1,000 relative centrifugal force, 4 min) followed by filtration through a 0.2-m syringe filter. L10 virus was propagated from original infectious stock (kindly provided by John Fazakerley). Virus titration was done by plaque assay in Vero(B) cells as described elsewhere (8) . CT-2A-Fluc plaque assay. The plaque-forming capabilities of VA7-EGFP, SFV4, and SFV4-miRT124 were analyzed in CT-2A-Fluc cells as follows. CT-2A-Fluc cells seeded on 12-well plates were infected with 40 PFU of virus and incubated for 1 h at ϩ37°C, followed by replacement of culture medium with 0.4% agarose-containing culture medium. The cell layer was stained with crystal violet 3 days after infection to visualize the plaques. For testing JAK inhibition of plaque-forming potency of VA7-EGFP, 250,000 CT-2A cells were seeded in 6-well plates. The next day, cell monolayers were overlaid with culture medium containing 1% agarose and 2ϫ penicillin-streptomycin. When the agarose had solidified, an ϳ3-mm-diameter cylindrical piece of agarose was carefully removed using a cut pipette tip. A total of 5,000 PFU of VA7-EGFP virus in 10 l medium with or without JAK inhibitor I (sc-204021; Santa Cruz Biotechnology, USA) or the appropriate amount of dimethyl sulfoxide (DMSO; 0.1% [vol/vol]) was immediately pipetted into the resulting hole. Virus spread was observed for 4 days by using a fluorescence stereomicroscope (Leica M165 C) with the lids off.
Cell viability measurements. Cell viability measurements were done in a 96-well format by plating 1 ϫ 10 4 human glioblastoma cells (derived from the patient samples) or 4 ϫ 10 4 CT-2A-Fluc cells and then infecting cells with various MOIs (as indicated in the figure legends) on the following day. Viability was assessed using Cell Proliferation kit I (Roche) according to the manufacturer's instructions at 48 or 72 h after infection. For measuring the effect of IFN on cell-killing potency, CT-2A-Fluc or human glioblastoma cells (plated as described above) were administered increasing doses of mouse recombinant IFN-␤ (Sigma-Aldrich) or human recombinant IFN-␤ (Nordic Biosite) followed by virus infection. Cell viability was measured 48 h postinfection. The protein concentrations of centrifuged samples were determined from sample supernatants by using the Bradford Bio-Rad protein assay dye reagent and a standard of bovine serum albumin. Samples were boiled at 95°C with 1ϫ loading buffer (10ϫ stock of 0.45 M Tris-HCl [pH 6.5], 0.5 M dithiothreitol, 10% SDS, bromophenol blue, Ͻ50% glycerol). A total of 25 g of protein was loaded per well and separated by 10% SDS-PAGE. Wet transfer onto Hybond-ECL membranes (GE Healthcare) was performed, followed by detection with antibodies against STAT1 (rabbit polyclonal; catalog number 61011; BD Transduction Laboratories), Tyr701-phosphorylated STAT1 (rabbit monoclonal, D4A7; Cell Signaling Technology), and ␤-actin (mouse monoclonal, C4; Santa Cruz Biotechnology) coupled to anti-rabbit-Cy5 and anti-mouse-Cy3 secondary antibodies (Amersham ECL Plex Western blotting system; GE Healthcare). Imaging of membranes was performed with a Typhoon scanner (GE Healthcare). Band intensities were quantified with ImageJ and normalized to the intensity of the ␤-actin band. Results were plotted as the ratio of P-STAT1 in infected versus mock-infected samples. Average results from triplicate samples, Ϯ standard deviations (SD), are presented.
For detection of activated IRF-3, CT-2A-Fluc cells were infected at an MOI of 0.01, followed by sample collection 24 h p.i. and analysis as described above. Antibody against Ser396 -phosphorylated IRF-3 (rabbit monoclonal, 4D4G; Cell Signaling Technology) and ␤-actin (as described above) were used for detection.
Animal experiments. All animal experiments were conducted under biosafety level 2 containment, following the guidelines of the National Committee of Animal Welfare. Intracranial CT-2A-Fluc gliomas were induced into adult (Ͼ4 weeks) female C57BL/6JOlaHsd mice (bred in the Kuopio animal facility) as described previously (12) . Briefly, 5 ϫ 10 4 CT-2A-Fluc cells were implanted, using a Hamilton syringe, into the caudate putamen of anesthetized mice (75 mg/kg of body weight ketamine [Intervet], 1 mg/kg medetomidine [Orion Pharma], and isoflurane gas [Baxter] ). Mice were given the antisedative atipamezole (1 mg/kg; Orion Pharma) after the operation. Analgesia was applied via subcutaneously administered carprofen (5 mg/kg; ScanVet).
For measurement of CT-2A-Fluc tumor growth, mice were injected intraperitoneally with 150 mg/kg D-luciferin (as the potassium salt diluted in PBS; Caliper). Ten minutes after the D-luciferin injection, mice were imaged using an IVIS Lumina II (Caliper) bioluminescence imaging apparatus under isoflurane gas anesthesia. Images were taken using expo- sure times ranging from 2 to 60 s and with medium or large binning for best sensitivity. Additionally, ketamine/medetomidine anesthesia (as described above) was used to induce more stable sedation when required (e.g., when removing the fur from a mouse before imaging). Imaging was repeated at the indicated time points post-tumor induction. Image analysis and quantitation of the luciferase signal were done using Living Image software (Caliper). Magnetic resonance imaging (MRI) was conducted on mice under isoflurane anesthesia with a 9.4-T vertical magnet (Oxford Instruments) using a T2-weighted imaging sequence.
Mice showing a detectable luminescence signal at day 2 post-tumor induction were divided into groups that received an intraperitoneal injection of 1 ϫ 10 6 PFU SFV4-miRT124, VA7-EGFP, or PBS. Single-dose virus or PBS was administered at day 3, after which mice were monitored daily for neurological symptoms or distress. Upon appearance of symptoms, such as paralysis, loss of over 20% of body weight, or notable tumorcaused distress, the mice were sacrificed. Additionally, mice were sacrificed for histological samples at days 4, 5, and 6 post-virus injection. Sacrificed mice were perfused with PBS. Collected tissues were immersed and fixed with cold 4% paraformaldehyde (PFA)-PBS overnight at ϩ4°C. Fixed tissues were kept in 70% ethanol at ϩ4°C until they were embedded into paraffin.
Immunohistochemistry. Paraffin-embedded tissues were sliced into 7-m sections by using a rotation microtome and stained using the Vectastain ABC kit (rabbit IgG; Vector Laboratories) and polyclonal rabbit antibody reactive against SFV structural proteins (produced in-house). A color reaction was achieved with horseradish peroxidase-conjugated secondary antibody (in the Vectastain kit) and 3,3=-diaminobenzidine (SigmaFast DAB; Sigma-Aldrich).
Immunocytochemistry. For immunofluorescence staining, cells were grown on glass coverslips (in 24-well plates) coated with 10 g/ml laminin (Sigma-Aldrich). Cells were fixed for 10 min with 4% PFA in PBS, washed with cold PBS, and kept at ϩ4°C (in PBS) until staining. Free aldehyde groups were blocked by quenching with 50 mM NH 4 Cl (in PBS) for 10 min, followed by washing with 0.2% BSA-PBS. Permeabilization was done via a 2-min incubation in 0.1% Triton X-100 (in PBS) followed by washing. Serum samples from CT-2A-Fluc tumor-rejecting mice were pooled, diluted 1:100 in 3% BSA-PBS, and incubated for 1 h at room temperature, followed by washing with PBS. Pooled serum from three unimplanted mice was used as control serum. A secondary rabbit antibody conjugated to Alexa 594 (Life Technologies) was diluted 1:250 in PBS and incubated for 1 h at room temperature followed by washing with PBS. Nuclei were stained with 5 M 4=,6-diamidino-2-phenylindole (DAPI; Molecular Probes) in PBS for 15 min followed by washing with PBS. Coverslips were mounted with Fluoroshield (Sigma-Aldrich) and stored at ϩ4°C until analyzed via confocal microscopy (Zeiss LSM 700, 40ϫ oil immersion objective).
Statistical analysis. Survival was plotted via the Kaplan-Meier estimator of the Prism software (GraphPad Software). Mice that were sacrificed for reasons unrelated to CT-2A-Fluc glioma (i.e., no tumor detected by IVIS, MRI, or histology) were marked as censored. The number of mice that responded to the therapy was analyzed with Fisher's exact test (GraphPad Software). The increases in the bioluminescence signals (with the day 2 signal as the stranding point) for individual mice were quantified and plotted as geometric means Ϯ the SD of the therapy group. In cases of signal disappearance, a value of 0.1 was assigned. Statistical analyses were performed with GraphPad Prism, using a two-tailed, unpaired Student's t test.
RESULTS
Recombinant SFV strains differ in type I interferon induction and sensitivity in glioma cells. In order to assess the relative capacity of the parental and engineered SFV clones to induce secretion of IFN-I, we infected syngeneic C57/BL6 glioma CT-2A-Fluc cells with the attenuated vector VA7-EGFP, neurovirulent SFV4, or the derived SFV4-miRT124 (17) at an MOI of 0.01 and quantified the IFN-␤ present in cell culture supernatants 24 h later. As shown in Fig. 1A , SFV4 and SFV4-miRT124 induced greater amounts of IFN-␤ from CT-2A-Fluc cells than did VA7-EGFP. The increased IFN-␤ production correlated with IRF3 activation (Fig. 1B) , which has been shown to mediate pattern recognition signaling in SFV infection (20) .
Because under standard cell culture conditions both the virus and secreted proteins, such as IFN-I, may freely diffuse into the supernatant from infected cells, potential low-level para- crine IFN-I signaling between neighboring cells (operating in solid tumors in vivo) may escape detection (10) . To test this, we infected monolayers of CT-2A-Fluc cells in 6-well plates with 40 PFU of VA7-EGFP, SFV4, or miRT-124 and overlaid the cells with agarose to assess plaque formation over 3 days. We found that under agarose, VA7-EGFP infection was indeed self-limiting; producing smaller plaques than SFV4 and the microRNA-regulated SFV4-miRT124, which both produced large plaques with similar efficacies in the indicated time periods (Fig. 1C) .
To affirm the role of IFN-I in restricting virus spread in CT-2A-Fluc cells under agarose, we performed a plaque expansion assay with VA7-EGFP in the presence or absence of JAK inhibitor I, a known IFN-I signaling blocker, as previously described (10). We found a marked enhancement of VA7-EGFP spread under agarose by this IFN-I-antagonist, supporting the hypothesis that in CT-2A-Fluc cells, VA7-EGFP spread is self-limiting due to IFN-I-dependent paracrine signaling (Fig. 1D) . On the other hand, uninhibited plaque formation by SFV4 and its miRT derivative in CT-2A-Fluc cells (Fig. 1C) further showed that, despite induction of IFN-I (Fig. 1A) , these viruses possess a greater capacity to resist its antiviral effects than attenuated VA7-EGFP. Quantification of the relative virus resistance to IFN-I was performed in a cell viability assay on infected CT-2A-Fluc cells treated with increasing doses of external murine IFN-␤. This experiment revealed 50% protection with less than 0.5 U/ml of IFN-␤ for VA7-EGFP, whereas for SFV4 or SFV4-miRT124, protection was not reduced below 50% even at saturating IFN-␤ doses (Fig. 1E) .
Virulent SFV4 and SFV4-miRT124 inhibit STAT1 phosphorylation. In order to identify the underlying mechanisms that might contribute to the observed differential resistance to IFN-I, we analyzed the initial reactions of IFN-I activation in viral infection in CT-2A-Fluc and Vero(B) cells. Vero(B) cells were selected for the study as they show a defect in their IFN-I production, thus obviating the question about secondary IFN-I signaling triggered by infection or by external recombinant IFN-␤ (as shown in Fig.  1A ). To address potential links between virulence in vivo and the capacity to resist the antiviral effects of IFN-I in Vero(B) cells in vitro, we used nonvirulent strain rA774 (19) and virulent strain SFV4, but we also included the SFV strain L10, which shows more severe neurovirulence than SFV4 (21). Despite our not having observed any phenotypic differences between VA7-EGFP and rA774, unmodified rA774 was selected to allow comparison with strains SFV4 and L10, which do not contain the EGFP expression cassette.
We found a statistically significant reduction in STAT1 Tyr701 phosphorylation (P-STAT1) in response to exogenous IFN-␤ at 6 h postinfection in cells infected with the SFV4, SFV4-mIRT124, or L10 virus compared to that with the attenuated rA774 virus ( Fig.  2A and B) . Notably, similar to Vero(B) cells, decreased levels of P-STAT1 were observed also in IFN-␤-treated (1,000 U/ml) CT-2A-Fluc cells infected with SFV4 or SFV4-miRT124. Similar to parental rA774 virus, the recombinant expression vector VA7-EGFP was unable to block STAT-1 phosphorylation upon IFN-␤ treatment (Fig. 2C) .
Taken together, the data in Fig. 1 and 2 show that virulent SFV strains SFV4, SFV4-mIRT124, and L10 are capable, on one hand, of tolerating the antiviral effectors induced by IFN-I signaling, and on the other hand, of blocking signal transduction from the IFN-I receptor during infection. SFV4 nonstructural proteins are required for IFN-I-resistant replication. As our findings highlighted clear differences in IFN-I tolerance between the SFV strains, we sought to find out whether the nonstructural (nsp) genes shown previously to govern SFV neuronal replication (22, 23) also mediate the IFN-I-tolerant phenotype. For this, we assessed the replication in CT-2A-Fluc cells untreated or pretreated with recombinant mouse IFN-␤ of three different SFV chimeras bearing SFV4 genes for nonstructural proteins nsp1-2, nsp3, or nsp3-nsp4 in the genome backbone of the neuro-attenuated rA774 (Fig. 3A) . As shown in Fig. 3B , the increased capacity to resist the antiviral effects of IFN-␤, measured by increased virus cytotoxicity, of SFV4 compared to rA774 was recapitulated in the CMW34 chimera, which had the rA774 nsp3 and nsp4 genes replaced with equivalents from the neurovirulent SFV4. In contrast, the chimeras CMW12 and CMW3 were unable to kill the IFN-I-treated cells, similar to rA774 (Fig. 3B) . These results showed that the capacity of SFV4 to resist the antiviral effects of IFN-␤ resides within the nsP3-nsp4 region.
SFV4-miRT124 retains the parental SFV4 oncolytic capacity in murine glioma cells in vitro. As our aim was to exploit the increased IFN-I tolerance of neurovirulent SFV4 to target IFN-Iresponsive tumors, we first confirmed in vitro that the microRNA manipulation did not reduce the oncolytic capacity of SFV4-miRT124 compared to parental SFV4 or VA7-EGFP. We infected CT-2A-Fluc cells under normal culture conditions with an MOI of 0.01 with VA7-EGFP, SFV4, or SFV4-miRT124 and analyzed the cells under the microscope. As shown in Fig. 4A , all three viruses exhibited extensive cytopathic effects (CPE) at 48 h to 72 h postinfection. All three viruses replicated in and killed confluent CT-2A-Fluc cultures with a similar efficacy, even at low MOIs, as quantified in a 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay for cell viability (Fig. 4B) and with plaque titration for virus replication (Fig. 4C) .
SFV4-miRT124 displays increased oncolytic potency in murine gliomas in vivo above that with attenuated VA7. Prompted by the implications of our in vitro findings, we evaluated the infectivity and oncolytic capacities of SFV4-miRT124 virus in orthotopic CT-2A-Fluc tumors in a syngeneic C57BL/6 mouse model. A total of 5 ϫ 10 4 CT-2A-Fluc cells were implanted intracranially into adult c57BL/6OlaHsd mice, and tumor development was monitored by bioluminescence imaging and small-animal MRI. Mice with a detectable tumor luminescence signal at day 2 post-tumor implantation (pti) were divided into therapy groups and administered intraperitoneally (i.p.) either 1 ϫ 10 6 PFU of SFV4-miRT124 (n ϭ 16) or VA7-EGFP (n ϭ 15) in PBS 3 days after tumor implantation. A control group (n ϭ 14) received an i.p. injection of PBS. VA7-EGFP was used as a control virus to SFV4-miRT124, instead of the parental strain SFV4, which is neuropathogenic.
A steady increase in luminescent signal was evident in all experimental groups between days 2 and 6 pti ( Fig. 5A and C) . At day 9 pti (6 days after virus injection), a complete disappearance of the luminescent signal was witnessed in 8/16 SFV4-miRT124-treated mice ( Fig. 5A; Table 1 ), whereas in mice administered VA7-EGFP or PBS (control), the signal decayed in 3/15 and 2/14 mice, respectively ( Table 1) . MRI of therapy mice was performed to ensure that signal disappearance was not related to loss of Fluc expression in tumors (Fig. 5B) . Indeed, the cessation of bioluminescence increase in treated mice revealed simultaneous reduction of tumor growth in mice infected with SFV4-miRT124 compared to those administered PBS or VA7-EGFP (Fig. 5C ). In correlation with the reduced Fluc signals, there was an increase in survival for SFV4-miRT124 compared to the PBS group (Fisher's exact test, P ϭ 0.03450 (Fig. 5D) . The correlation between luminescence signals and the tumor sizes according to MRI results was good (Fig. 5E ). For comparison, toluidine blue staining of a fully developed orthotopic CT-2A-Fluc glioma tumor is shown in Fig. 5F . SFV4-miRT124 infects orthotopic CT-2A-Fluc tumors but also shows sporadic replication in brain and spinal cord neurons. Immunohistochemical analysis of mouse brains confirmed that the SFV4-miRT124 virus was able to reach and infect the intracranial CT-2A-Fluc tumors following intraperitoneal administration ( Fig. 6A and B) . This was in contrast to VA7-EGFP or PBS (uninfected control), for which we could not detect virus antigen in tumor cells in the brain (Fig. 6C and D) .
As previously observed in BALB/c mice (17) , intraperitoneal injection of SFV4-miRT124 resulted in neurological symptoms, including severe paralysis, in 12.5% of C57BL/6JOlaHsd mice in the present study (Table 1 ). In correlation with the neurological symptoms elicited by SFV4-miRT124 (Table 1) , virus replication was detected in normal cells in the brains and spinal cords of these mice (Fig. 6E) , suggesting viral escape from the miRNA control in a fraction of the infected mice. No SFV antigen was detected in normal CNS cells in asymptomatic mice (Fig. 6F) .
Mice surviving CT-2A glioma show antitumor immune responses. Long-term survival in response to oncolytic virotherapy has been shown to be associated with priming of a tumor-reactive adaptive immune response (24) (25) (26) . To test whether this was also occurring in the present model, we rechallenged mice surviving the initial CT-2A-Fluc implantation with a second intracranial implantation of 5 ϫ 10 4 CT-2A-Fluc cells. All mice showed a clear initial Fluc signal up to 2 days after tumor induction, indicative of successful tumor implantation, but signals rapidly decayed by day 6 pti (Fig. 7A) . In order to confirm induction of a tumor-reactive adaptive immune response, we measured antibodies recognizing CT-2A-Fluc cells in sera collected from rechallenged mice at day 14 pti (Fig. 7B) . The strongest reactivity was observed against CT-2A-Fluc cells, but notable antibody reactivity was also detected against CT-2A cells not expressing the firefly luciferase marker gene, and also against GL261 mouse glioma cells (Fig. 7B) . A clearly weaker antibody response was obtained against B16-F10-LacZ melanoma cells.
SFV4-miRT124 shows enhanced oncolysis in human glioblastoma cell lines despite exogenous IFN-␤. To estimate the possible clinical relevance of our findings with VA7-EGFP and SFV4-miRT124, we infected three malignant cell lines derived from clinical specimens from patients with GBM. Virus-induced CPE was measured in the presence and absence of human IFN-␤ to evaluate the IFN-I sensitivity of cell killing. Results were similar to those obtained with CT-2A-Fluc cells (Fig. 1E) ; SFV4-miRT124 displayed markedly increased cytotoxicity compared to VA7-EGFP, independent of IFN-␤ administration (Fig. 8) . This suggested that human gliomas may possess a functional IFN-I defense, warranting engineering and use of oncolytic viruses, which display sufficient tolerance to antiviral tumor response, as effective therapeutics.
DISCUSSION
In order to avoid unwanted replication in healthy cells, virulence factors of oncolytic viruses are commonly deleted or mutated. As these factors typically confer resistance to IFN-I-mediated antiviral responses, such oncolytic viruses are exquisitely dependent on the lack of antiviral IFN-I responses in cancer cells (27) . However, the human GBM cell lines analyzed by us (Fig. 8) and others (13) show functional IFN-I signaling. Of note, even a small fraction of cells in the heterogeneous tumor tissue capable of IFN-I signaling can promote resistance to virotherapy (8) .
To address these issues, in this study we explored whether we could harness the IFN-I-tolerant phenotype of a wild-type virulent alphavirus to target IFN-I-responsive tumors. Neurovirulent SFV4 has previously shown a mild benefit against subcutaneous K-BALB and CT26 tumors when administered intratumorally (28) . However, in order to protect the animals from SFV4-associated neurotoxicity, the animals in that study were preimmunized with replication-deficient SFV, which likely limited virus replication during actual therapy and may also affect the antitumor immune responses in unexpected ways. In the present study, we used a neuronally detargeted derivative of the SFV4 virus, SFV4-miRT124, whose replication in nonneuronal (glioma) cells was expected to be uncompromised in targeting orthotopic glioma in naive animals. The current results indeed confirmed that the SFV4-miRT124 virus retained full replicative capacity and the IFN-I-tolerant phenotype of its parental strain ( Fig. 1 to 4) , and it was able to infect and destroy IFN-I-responsive gliomas in adult immunocompetent mice (Fig. 5) . This was in striking contrast to our previous oncolytic virus candidate VA7-EGFP, which was based on an IFN-I-sensitive strain of SFV.
The molecular mechanisms behind the IFN-I-resistant phenotype of SFV4 remain incompletely understood. Our results indicate that SFV4 and SFV-miRT124, similar to neurovirulent Sindbis virus (14) and Venezuelan equine encephalitis virus (15) , are capable of inhibiting cell signaling via the JAK/STAT pathway (Fig. 2) . However, this effect was seen at later time points after infection, and thus is unlikely to explain the increased replication seen also in IFN-I-pretreated CT-2A-Fluc and human GBM cells ( Fig. 1E and 8 ). By using previously described SFV chimeras (22), we could identify viral genomic regions responsible for mediating IFN-I insensitivity. We found that a region containing the nsp3 and nsp4 genes was necessary (Fig. 3) . These genes encode a multidomain protein with unknown function and the viral RNA polymerase, respectively. As expected due to its lethal phenotype (22) , the chimera bearing both nsp3 and nsp4 showed IFN-I tolerance. Interestingly, however, the CMW3 chimera, carrying solely the nsP3 gene from the virulent SFV4, was found to be sensitive to IFN-I (Fig. 3) despite being highly neurovirulent for adult mice (22) . Thus, the nsp3-dependent neurovirulence factors are not (11, 29) . Moreover, we found no difference in STAT1 inhibition between L10 and SFV4 that would explain the increased neurovirulence of L10 ( Fig. 2A and B) . Neurovirulence of other alphaviruses may also be independent of IFN-I signaling, as exemplified by Yin et al., who observed robust neuronal replication of Venezuelan equine encephalitis virus despite active IFN-I signaling in these cells (30) . Thus, efficient replication of SFV4 and SFV-miRT124 viruses in CT-2A-Fluc glioma cells pretreated with IFN-I could be related to resistance of these viruses to one or more specific antiviral interferon-stimulated genes (ISGs), such as ZAP, Viperin, IRF1, ISG20, and ISG15, previously shown to possess an antialphavirus effector function (31) (32) (33) . Alternatively, the neurovirulent SFV4 virus may be resistant to IFN-I antiviral effects in glioma cells as a result of adaptation to IFN-I-responsive cells (oligodendrocytes and astrocytes) by extensive passaging in adult mouse brains, as opposed to results with an attenuated VA7 virus when it was serially passaged in suckling mouse brains (34) .
In correlation with the stronger IRF-3 phosphorylation, SFV4-miRT124 induced significantly larger amounts of IFN-␤ in CT-2A cells than did VA7-EGFP or parental SFV4 (Fig. 1A and B) . As the replication rate of all viruses under normal culture conditions was found equal by both MTT assay and titration (Fig. 4) , the results lead to the conclusion that the inserted miRT124 element promotes cytoplasmic recognition of the virus (likely mediated by RIG-I and MDA5). Of note, IFN-I expression has been shown to strongly enhance tumor antigen cross-presentation to naive CD8 ϩ T cells by dendritic cells, thus promoting cytotoxic T cell priming and tumor rejection (35) . In this context, a replicating therapy virus capable of inducing strong IFN-I production in tumor cells, while still being resistant to the antiviral effects imposed by IFN-I, would offer an attractive tool for immunovirotherapy.
When given i.p. to orthotopic CT-2A-Fluc tumor-bearing mice, SFV4-miRT124, but not VA7-EGFP, caused significant retardation of tumor growth (Fig. 5) . Additionally, with SFV4-miRT124 treatment, we witnessed a complete disappearance of tumor signal in 50% of the mice ( Fig. 5 ; Table 1 ). As the reduction of tumor luminescence signal was evident 5 to 6 days post-virus injection, overlapping with the peak CNS viremia, it is likely that the growth inhibition was primarily mediated via direct virus replication in the tumor cells. Supporting this hypothesis, viral antigens could be detected in tumors of SFV4-miRT124-treated mice, whereas VA7-EGFP was unable to infect the tumors (Fig. 6) . The tumor clearance was accompanied by a resistance to rechallenge and generation of CT-2A-reactive antibodies in the mice (Fig. 7) . The small fraction of animals treated with VA7-EGFP or injected with PBS that showed tumor eradication could possibly be explained by the immunogenicity of the engineered CT-2A-Fluc cells. In fact, resistance to CT-2A-Fluc rechallenge was observed in all mice that survived the initial tumor inoculation, and antitumor antibodies emerged in these animals (Fig. 7B) . The presence of multiepitope antitumor antibodies in the sera of virus-treated mice, combined with the larger number of surviving animals in the SFV4-miRT124 group compared to PBS controls, suggests that the SFV4-miRT124 therapy promotes host immune reactivity against the CT-2A-Fluc glioma. However, the contribution of the adaptive immune responses in tumor eradication relative to virus replication-associated oncolysis remains to be elucidated in future studies.
There are only a few reports of oncolytic virotherapy resulting in long-term survival in syngeneic glioma models. Barnard et al. observed long-term survival in 40% of CT-2A-bearing mice following intratumoral injection of oncolytic herpes simplex virus expressing immunostimulatory Flt3-L (36). Similarly, Muik et al. showed long-term survival in 50% of CT-2A-bearing mice treated with intracranial dosing of neuroattenuated vesicular stomatitis virus (37) . Before the present study, only parvovirus H-1 virus was shown to be efficient against syngeneic gliomas when administered intravenously. As shown by Geletneky et al., a long-term response was gained in 6/9 RG2 glioma-bearing rats when they were administered the virus on 8 consecutive days (38) . These studies corroborated the findings in our present report that indicated robust virus replication in the tumor tissue is a prerequisite for effective therapy.
As noted also in our previous work (17) , SFV4-miRT124 infection caused neurological symptoms in a small fraction of the mice (Table 1) . Virus antigen was detected in brains and spinal cords of these affected mice, suggesting that either miR124 expression was limited in these CNS regions (39) or that the vector had lost its miR-target sequence or the sequence had mutated. Of note, there was no positive correlation between neurological symptoms and tumor clearance, indicating that miRT124-controlled SFV nonpathogenic replication is sufficient for the observed therapeutic response. In our previous work, we could isolate virus from mouse brain with deleted miR124 target sites (17) . Although such events were rare, our future efforts will be directed to the evaluation of the stability of the insertions, and we seek to test whether alternative and multiple/mixed miRNA targets could improve the vector safety. An alternative (nonexclusive) approach would be to create a novel IFN-I-tolerant, neuroattenuated SFV4/VA7 chimera, which is supported by the observation that IFN-I resistance is not prerequisite for neurovirulence. Taken together, to our knowledge this is the first time that a single dose of oncolytic virus administered peripherally has been shown to reach and replicate in a syngeneic IFN-I-responsive murine glioma.
